ABSTRACT
glucose: starch a-4-glucosyltransferase, EC 2.4.1 .b), and the size and number of starch grains were then related to the genotypic difference of these two varieties in their growth response to Zn. We found that the relative reduction in these measurements in Sanilac and Saginaw paralleled the varietal difference in their growth response to Zn. The observations reported herein most likely represent characteristic responses to Zn deficiency.
MATERIALS AND METHODS Plant Culture. Seeds of Sanilac and Saginaw varieties of navy beans (Phaseolius vullgar-is L.) were germinated in vermic-
ulite in the dark at 24 C for 4 days, followed by their transfer to a growth chamber under a photoperiod regime of 16 hr light at about 2000 ft-c and 8 hr dark. Sixteen high-output fluorescent lamps (F72T 12, C\W/HO) and 10 25-w incandescent light bulbs were the sources of light. Temperature of the growth chamber during the light and dark was 28 and 20 C, respectively. Relative humidity varied from approximately 85% during the light to about 65% during the dark. On the 6th day, the seedlings were removed from vermiculite, the roots were thoroughly washed in distilled H20, and the plants were transferred to beakers containing distilled H,O. On the 7th day, the seedlings were transferred to aerated nutrient solutions in Plexiglass containers (8 plants/about 3 liters). The basic nutrient solution contained 5.9 mm Ca(NO3),, 0.58 mM KH2POI, 0.58 mm NH4H.PO,. 5 .2 mm KNO3, 1.8 1,cg/ml represents the optimum concentration required for growth. The solution, which was renewed weekly, was adjusted to pH 6.5 using 0.75 N NaOH. All chemicals used were reagent grade. Deionized distilled H,O was redistilled in an all-glass apparatus before use. The incipient Zn deficiency symptoms developed within a week to 10 days under Zn-deficient conditions (0 to 0.002 ,g Zn/ml), with marked deficiency symptoms developing in 2 to 3 weeks.
When the bean plants were field-grown, they were grown as described previously (8) Homogenates were poured into an Erlenmeyer flask and kept in a freezer (-25 C) for 24 hr. The supernatant liquid was removed by suction filtration, and the residue washed three times with acetone (-30 C), and three times with acetoneether (1:1) at -70 C. The enzyme was extracted by suspending 300 mg of the acetone powder in 3 ml of the buffer (above) in the presence of 180 mg of insoluble PVP for 1 hr at 4 C, with stirring every 15 min. The suspension was filtered through a glass fiber filter, followed by the centrifugation procedure described above. The final supernatant fluid was used as an enzyme source.
Enzyme Assay. The filter paper method of Thomas et al. (19) originally developed for glycogen synthetase was adapted for the assay of starch synthetase. The incubation mixture, modified after Ghosh and Preiss (7), consisted of 1 mm ADP "4C glucose (1.1 X 106 dpm/,umole), 50 mm N-tris-(hydroxy methyl)-methyl glycine, i.e., Tricine (pH 8.5), 24 mm KCI, 10 mm dithiothreitol, 5 mm EDTA, amylopectin (1.25 mg/ml), and enzyme in a final volume of 90 ,ul. After a 10-min incubation period at 30 C, the reaction was terminated by spotting a 75-,ul aliquot onto a small square (2 X 2 cm) of filter paper (Whatman 31 ET) and dropping the paper into icecold 66% (v/v) ethanol. Up to 30 papers could be added to 300 ml of the aqueous ethanol. The incorporation of "Cglucose from ADP "C-glucose onto primer was then determined. Approximately 5 min after the addition of the last paper, the 66% ethanol was removed and fresh 66% ethanol (room temperature) was added and the papers were washed by stirring on a magnetic stirrer (about 60 rpm). The wash beaker was equipped with a stainless steel screen to protect the papers from the stirring bar. After washing for 30 min, the 66% ethanol was changed and papers washed twice for 20 min with 66% ethanol. Finally, the filter papers were washed with acetone for 5 min to remove ethanol and water. The filter papers were then dried, placed in scintillation vials containing 15 ml of 0.5% (w/v) 2,5-diphenyloxazole in toluene, and counted in a liquid scintillation spectrometer. The counting rate was corrected for background radioactivity estimated from filter papers containing incubation mixture without enzyme which was carried through the same washing procedure. In all of our experiments, quenching (measured by isotope channels-ratio method) was constant. Since all of the radioactive material remained on the filter paper, the paper was removed and both the vial and scintillation fluid were reused. When the volume of the scintillation fluid was reduced to about 7 ml due to repeated removal of filter papers, the scintillation fluid was replaced with 15 The results from the field-grown plant material were quite compatible with those of the growth chamber experiments (Table III) . Under low Zn condition, starch synthetase activity was slightly decreased in Saginaw and was markedly decreased in Sanilac. The varietal difference in response to low Zn seems to be more pronounced under the field conditions than in growth chamber.
Electron Microscopic Study of Effect of Zn Nutrition on Starch Metabolism. Electron microscopic examination of the relationship between Zn nutrition and the size and number of starch grains is summarized in Table IV , and typical micrographs are presented (Figs. 1-4) . This portion of the study was not intended to analyze quantitative differences but to show a general trend in the effect of Zn nutrition on starch metabolism in Saginaw and Sanilac varieties. In Sanilac both the size and number of starch grains decreased under low Zn conditions ( Fig. 1 versus 2) , whereas these two variables changed little in Saginaw (Fig. 3 versus 4) . Such a varietal difference in starch metabolism in response to Zn is suggestive (Fig. 1) . In these chloroplasts the number of grana was reduced and its structure was indistinct and irregular.
DISCUSSION
Sanilac and Saginaw beans had a differential growth response to low Zn similar to that previously reported (4, 13). The varietal difference was evident from more pronounced Zndeficiency symptoms and greater retardation in growth in Sanilac than in Saginaw under low Zn conditions in both the growth chamber and field. The leaf Zn content of Sanilac and Saginaw under low Zn conditions, 10 and 18 JLg/g dry weight, respectively (Table I) , is also compatible with the value (15 jug/g dry weight or less) reported for other Zn-deficient tissues (23) . These two navy bean varieties were then employed in the present study for a further understanding of the role of Zn in plant metabolism by relating the effect of Zn nutrition on starch metabolism to the genotypic characteristics of these beans.
Starch content was studied in the two strains under normal and low Zn conditions (Table I ). The observed reduction in starch content under Zn-deficient conditions is consistent with reports on other plant species (15, 20, 22) . Moreover, a correlation between the relative reduction in starch content in Saginaw and Sanilac under low Zn, and their genotypic difference in sensitivity to low Zn, suggests that a marked decrease in starch content may be associated with Zn deficiency.
The decrease in starch content could reflect either primary or secondary effect of Zn deficit. The starch content of leaves was directly proportional to the amount of CO, absorbed (17) . Thus, the reduction in ribulose di-P carboxylase activity during Zn deficiency which we reported previously (8) could result in a decrease in starch content. For a further analysis, we examined the effect of Zn nutrition on starch synthetase activity.
The reduction of starch synthetase activity (Tables II and  III) as determined by the ifiter paper method was compatible with the reduction of starch content (Table I) (23) .
The mechanism by which Zn deficit decreases starch synthetase activity is not known. The reduction could result from a decreased synthesis of the enzyme under low Zn conditions or from a reduced activity under these conditions. We have some evidence for decreased protein synthesis. The reduction in protein synthesis during Zn deficiency was more drastic in Sanilac than in Saginaw. The incorporation of '4C-leucine into protein (70% ethanol-insoluble fraction) under low Zn (0.002 ,g Zn/mi) was decreased to 57% and 78% of the normal level Potassium has also been known to be involved in starch metabolism. The decrease in starch content during K deficiency (5) has been explained by the fact that K is required for maximum activity of starch synthetase (10, 11) . Potassium content of the plant materials used in the present work was not determined. However, the plants received adequate K during their growth, and K (25 mM) was included in the enzyme assay mixture.
Recently, Tanaka and Akazawa (18) and Ozbun et al. (12) showed that starch synthetase exists in multiple forms in rice seeds, and leaf extracts of rice, maize, and spinach. It would be interesting to determine if bean plants contained isoenzymes of synthetase and if all of them would be affected in the same way by Zn deficiency.
Similarly, whether Zn deficiency affects primarily the soluble or starch granule-bound form, or both, of starch synthetase was not examined. Frydman and Cardini (6) pointed out that the two forms may be modifications of the same enzyme and that, particularly in leaves, the two forms had the same substrate specificity for ADP glucose. The soluble form of starch synthetase represented at least 80% of the total starch synthetase activity in the leaves of rice, tobacco, tomato, kidney beans, sorghum, barley, and sugar beet (16) .
Electron microscopic observations provide further evidence of a close relationship between Zn and starch formation. The decrease in the size and number of starch grains is consistent with the reports by others (15, 20, 22) . Furthermore, it is again our unique plant materials that provide a further documentation for such a relationship. The decrease in the size and number of starch grains under low Zn was much more drastic in the low-Zn sensitive variety, Sanilac, than in the tolerant Saginaw variety.
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